Recently we have measured the high resolution spectra of the fundamental and first overtone of the acetylenic C-H stretch in a series of molecules whose relaxation falls in the statistical limit. 1*2 A major motivation for these studies has been to understand the relationship between the molecules' chemical structure and the rates of intramolecular vibrational energy relaxation (IVR). The spectra are found to be homogeneously broadened, and so the IVR lifetimes are obtained directly from the Lorentzian line shapes (FWHM) .
The molecules in this series have the general formula (CX,),Y-CrC-H (where Y is C or Si and X is H or D) and show the parallel band spectra of symmetric tops. As a consequence of the work of Stone and Parmenter,3 suggesting that the methyl rotor acts as an IVR enhancer, we have been interested in the role that the methyl rotors play in our molecules. In order to probe this question, a study was conducted in which the three methyl groups were fully deuterated. One result from this previous work was that deuteration increased the relaxation rates in both the fundamental and first overtone of (CH3)3C-C=C-H (TBA) and (CH3)3Si-CrC-H.2 In that paper, evidence was presented that indicated that the number of low order resonances is important to the overall relaxation process of these molecules. The low order resonance model is a generalized tier model where energy decays into the quasicontinuum via a chain of low order couplings through virtual states.4
In order to test this hypothesis further, the high resolution spectrum of 4,4,4-trifluoro-3,3-bis (trifluoromethyl) butyne, (CF, ) ,C-C=C-H (TBA-& ) has been measured. This molecule was studied previously in a cell by FTIR spectroscopy resulting in spectra that were both homogeneously and inhomogeneously broadened.5 Temperature studies were conducted to allow extrapolation to the true homogeneous width. From this extrapolation, an upper limit on the linewidth of the spectrum of the fundamental C-H stretch excitation was determined to be 9-15 GHz, corresponding to a lower limit on the lifetime of 10-20 ps. For the overtone, a linewidth of 174 GHz was estimated resulting in a lower limit on the lifetime of approximately 1 ps.
Here we report the bolometer detected absorption spectra of ( CF3) ,C-C=C!-H taken in a collimated molecular beam using the apparatus described in Ref. 1. The infrared radiation used to excite the fundamental and first overtone of the acetylenic C-H stretch is provided by two Burleigh color-center lasers. The instrumental resolution, limited by the slightly nonperpendicular crossings of the laser with the molecular beam between the multipass mirrors, is 8 MHz at 3.0 ,um and 16 MHz at 1.5 pm. Absolute frequencies are determined by concurrently measuring a gas cell spectrum of acetylene and assigning to the lines the values measured by Lafferty and Pine.6 The (CF3)3C-CEC-H was purchased from International Solidarity Association and both the 'H and r9F NMR supplied with the sample indicated > 95% purity.
The sample was premixed with helium at a concentration of 0.5% and the molecular beam formed from a backing pressure of 60 psi through a 50 ym nozzle. At higher concentrations, 1.0% in He, severe clustering was seen as evidenced by the negative signal from the bolometer. The nozzle was heated to 120 "C and the clustering was reduced. The spectrum showed only a very asymmetric Q branch. This symmetry, on the low frequency side, was reduced substantially by increasing the backing pressure, resulting in a colder expansion, indicating the feature was probably due to a hot band or high J components. At the lower concentration, 0.5% in helium, the Q branch was symmetric and fit quite well to a Lorentzian line shape with full width at half maximum of 2760 MHz (Fig. 1) . In the full high resolution scan of the spectrum, the P and R branches were found to be smooth and unresolved, with severe clustering still observed into the P branch. Based on the measured B constant of 690.791 MHz7 and the linewidth of the Q branch, the rotational features of the P and R branches should not be resolvable. For the overtone of FIG. 1. The Q branch of the acetylenic C-H stretch fundamental fit to a single Lorentzian is shown with the residuals of the fit below the spectrum. What appears to be a rising baseline on the blue side is actually the beginning of the R branch; the P branch does not appear as strong because of clustering. the C-H stretch a large region was scanned and only a very small absorption noted above the noise. This appeared to be a very broad Q branch with a linewidth around 30 to 40 GHz centered at 6550.6 cm-'. The fit of the fundamental Q branch corresponds to an IVR lifetime of 60 ps. This is compared to the lifetime of TBA of 200 ps and TBA-d9 of 40 ps. These lifetimes along with the total density of symmetry allowed vibrational states are listed in Table I . The density of states were calculated in the harmonic approximation by a method based on taking the inverse Laplace transform of the partition function.' Since the normal modes were not published in the literature, they were approximated from the normal modes of ( CF,)$-H9 and replacing the frequencies for the C-H modes with typical values for C-C=C-H modes. For all three top molecules, the resolution of the torsional tunneling splittings will increase the density of states by a factor of 24.2 muorination causes a dramatic increase in the total density of states, four orders of magnitude compared to the hydrogen species and three orders of magnitude compared to the deuterated species. The IVR lifetime only decreases by a factor of 3, however, compared to TBA and is actually longer than that of TBA-d9. A model based on low order resonances, which considers of primary importance those resonances that couple only a few quanta into other modes from the initially excited C-H stretch, predicts a long lifetime for TBA-f, since this molecule has very few low order resonances (Table I) . This model works well when explaining the effects of deuteration on TBA and (CH,) $i-C=GH.
For example, near the fundamental C-H stretch there is a higher density of third and fourth order states in TBA-d9 than TBA and the IVR rate is faster. A similar trend is seen in the overtone and also when comparing the Carbon to the Silicon species.
constants change., The low order resonance model is an attempt at explaining the lifetimes considering the number of resonances but ignoring the strength of the couplings which, in absence of reliable information, are assumed to all be of comparable magnitude. This appears to be too rough an approximation for a molecule like TBA-f where the possibility exists for strong interactions between the main axis of the molecule and other modes. The C-F stretches ( 1300 to 1100 cm-'). and the C-C backbone stretch ( 1200 cm-' ) can strongly 'mix since they are so similar in frequency. Also the C-F bends or rocks (340 to 300 cm-' > and C-C bend (300 cm-' ) could exhibit considerable mixing. In the case of TBA, there is very little harmonic mixing of the C-H stretches with the other modes and thus their importance in the rate of IVR is reduced. These results show that simple models may be useful to some extent towards understanding IVR lifetimes, however a full understanding requires a detailed knowledge of the relaxation pathways which is likely, even at the statistical limit, to vary substantially from molecule to molecule.
In comparison, the fluorinated compound has many fewer third and fourth order states than TBA in the fundamental and overtone region and, therefore, one would have expected an increase in the lifetime. However, in contrast to the isotopic substitution case, upon lluorination both the frequencies of the normal modes and the force This work was supported by the National Science Foundation.
